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(57) ABSTRACT

Values are selected for a plurality of controllable parameters
of a chemical mechanical polishing system that includes a
carrier head with a plurality of zones to apply independently
controllable pressures on a substrate. Data is stored relating
variation in removal profile on a front surface of the substrate
to variation in the controllable parameters, the data including
removal at a plurality of positions on the front surface of the
substrate, there being a greater number of positions than
chambers. A value is determined for each parameter of the
plurality of controllable parameters to minimize a difference
between a target removal profile and an expected removal
profile calculated from the data relating variation in removal
profile on a front surface of the substrate to variation in the
parameters. The value for each parameter of the plurality of
controllable parameters is stored.
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1
SELECTION OF POLISHING PARAMETERS
TO GENERATE REMOVAL OR PRESSURE
PROFILE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation application of and claims
priority to U.S. application Ser. No. 13/098,257, filed on Apr.
29, 2011, which is incorporated by reference.

TECHNICAL FIELD

The present disclosure relates to control of a carrier head
during chemical mechanical polishing.

BACKGROUND

An integrated circuit is typically formed on a substrate by
the sequential deposition of conductive, semiconductive, or
insulative layers on a silicon wafer. One fabrication step
involves depositing a filler layer over a non-planar surface
and planarizing the filler layer. For certain applications, the
filler layer is planarized until the top surface of a patterned
layer is exposed. A conductive filler layer, for example, can be
deposited on a patterned insulative layer to fill the trenches or
holes in the insulative layer. After planarization, the portions
of the conductive layer remaining between the raised pattern
of'the insulative layer form vias, plugs, and lines that provide
conductive paths between thin film circuits on the substrate.
For other applications, such as oxide polishing, the filler layer
is planarized until a predetermined thickness is left over the
non planar surface. In addition, planarization of the substrate
surface is usually required for photolithography.

Chemical mechanical polishing (CMP) is one accepted
method of planarization. This planarization method typically
requires that the substrate be mounted on a carrier or polish-
ing head. The exposed surface of the substrate is typically
placed against a rotating polishing pad. The carrier head
provides a controllable load on the substrate to push it against
the polishing pad. An abrasive polishing slurry is typically
supplied to the surface of the polishing pad.

A problem in CMP is achieving a uniform thickness of the
substrate layer. Variations in the slurry distribution, the pol-
ishing pad condition, the relative speed between the polishing
pad and the substrate, and the dynamics of the interaction of
the polishing pad and the substrate, can cause variations in the
material removal rate across the substrate. These variations,
as well as variations in the initial thickness of the substrate
layer, cause variations in resulting thickness of the substrate
layer.

Some carrier heads include multiple independently pres-
surizable chambers. The chambers can provide indepen-
dently controllable pressures on different portions of the sub-
strate. By providing different pressures to the different
chambers, the pressure on corresponding portions of the sub-
strate, and thus the polishing rate on those corresponding
portions, can be selected to partially compensate for non-
uniformity in the substrate layer.

SUMMARY

Some control systems adjust the pressure in the chambers
of a carrier head to achieve a target polishing rate profile
under an assumption that a uniform pressure is applied across
the region of the substrate covered by the chamber. For
example, the target polishing rate profile may include only a
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2

single target value per chamber, or an algorithm that that
calculates a set of pressures for the chambers can compare the
same value for a given chamber to the target value for each
point on the wafer below the given chamber.

However, in actual operation, the pressure applied by a
chamber can be non-uniform across the region of the sub-
strate covered by the chamber. In addition, the pressure in one
chamber can influence the pressure on regions of the substrate
that are not directly under the chamber, e.g., the pressure in
one chamber can “spill over” to regions covered by other
chambers. A controller that calculates the pressures for the
chambers can account for this spill-over and non-uniformity.
For example, a removal profile that is actually generated by a
chamber can be measured, and this removal profile can be
used when calculating the set of pressures for the chambers.
More generally, removal profiles can be generated for process
parameters at different values, and these removal profiles can
be used when calculating values for the process parameters to
achieve a target profile.

In one aspect, there is a method of selecting values for a
plurality of controllable parameters of a chemical mechanical
polishing system that includes a carrier head with a plurality
of zones to apply independently controllable pressures on a
substrate. Data is stored relating variation in removal profile
on a front surface of the substrate to variation in the control-
lable parameters, the data including removal at a plurality of
positions on the front surface of the substrate, there being a
greater number of positions than chambers. A value is deter-
mined for each parameter of the plurality of controllable
parameters to minimize a difference between a target removal
profile and an expected removal profile calculated from the
data relating variation in removal profile on a front surface of
the substrate to variation in the parameters. The value for each
parameter of the plurality of controllable parameters is stored.

Implementations may optionally include one or more of
the following features. The plurality of controllable param-
eters may include pressures for a plurality of chambers in the
carrier head that apply pressure to the plurality of zones. The
plurality of controllable parameters may include a pressure
for a chamber in the carrier head that applies pressure to a
retaining ring of the carrier head. The plurality of zones may
be arranged concentrically and the plurality of positions may
be radial distances from the center of the substrate. The plu-
rality of positions may include a first plurality of positions
below a first zone of the plurality of zones and a second
plurality of positions below a second zone of the plurality of
zones. The plurality of controllable parameters may include a
platen rotation rate or a carrier head rotation rate. The posi-
tions may be regularly spaced across the substrate. There may
be a greater number of positions than parameters. Storing data
may include storing a plurality of measured removal profiles,
and each measured removal profile may include an amount
removed from a front surface of a substrate at each of a
plurality of positions on the substrate. The plurality of
removal profiles may include a baseline removal profile for
one substrate polished under a set of baseline values for the
plurality of controllable parameters. The plurality of removal
profiles may include a plurality of adjusted removal profiles
for additional substrates, and each additional substrate may
be polished with exactly one of the plurality of controllable
parameters set to an adjusted value that is different from the
baseline value for the one substrate. The one of the plurality of
controllable parameters may be different for each additional
substrate. Calculating the expected removal profile may
include calculating

ERP=BRP+[K]/P'|*BRP
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where ERP is the expected removal profile, BRP is the base-
line removal profile, [K] is a matrix of constants having a
number of columns equal to the total number of parameters,
N, and a number of rows equal to the total number of radial
positions on the substrate surface where the profile is mea-
sured, M, and [P'] is a column matrix of adjusted polishing
system parameters. The adjusted polishing system param-
eters may be

P, - P;
PO;

P =

where P, is the value of the polishing parameter to be calcu-
lated, and PO, is the baseline value for the polishing parameter.
The matrix [K] may be expressed as

where M is the total number of radial substrate positions x at
which profile measurements are taken and N is the total
number of parameters. Constants of the matrix may be

ARP,; — BRP,

PA;—PO;]

Kei =
BRP« [

i

where K_, is the value of the matrix [K] corresponding to the
substrate profile position x for the i* parameter, ARP,_ ,is the
amount of material removed at radial position x for the i”
adjusted parameter, BRP, is the amount of material removed
at radial position x according to the previously calculated
baseline removal profile, PA, is the i parameter value used to
generate the i adjusted removal profile, and PO, is the i**
parameter value for the baseline removal profile. Determining
avalue for each parameter may include iteratively adjusting at
least one value, calculating the expected removal profile from
the data, and determining a difference between the expect
pressure profile and the target pressure profile. Determining
the value for the chamber pressure for each chamber may
include Newton’s method of optimization. The target
removal profile may be generated from data collected in-situ
during polishing of a first substrate, and adjusting at least one
pressure applied during the polishing of the first substrate to
match the value for the chamber pressure. The target removal
profile may be generated from data collected in-situ during
polishing of a first substrate at a first platen, and polishing the
first substrate at a different second platen using the chamber
pressure. The target removal profile may be generated from
data collected in-situ during polishing of a first substrate at a
first platen, and polishing a different second substrate at the
first platen using the chamber pressure.

The details of one or more implementations are set forth in
the accompanying drawings and the description below. Other
aspects, features, and advantages will be apparent From the
description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic cross-sectional view of an
example chemical mechanical polishing apparatus.
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FIG. 2 shows a schematic top view of a substrate having
multiple zones.

FIG. 3 shows a top view of a polishing pad and shows
locations where in-situ measurements can be taken on a sub-
strate.

FIG. 4 shows an aggregation of measured pressure distri-
butions resulting from pressurizing respective carrier head
chambers one at a time.

FIG. 5 shows a collection of measured pressure distribu-
tions resulting from pressurizing a carrier head chamber to
various pressures while adjacent chambers are unpressurized.

FIG. 6 shows a collection of measured pressure distribu-
tions resulting from pressurizing a carrier head chamber to
various pressures while adjacent chambers are pressurized to
a baseline pressure.

FIG. 7 is a flow chart of a method of generating a pressure
distribution profile.

FIG. 8 is a flow chart of a method of selecting pressures for
chambers in a carrier head.

Like reference numbers and designations in the various
drawings indicate like elements.

DETAILED DESCRIPTION

A polishing system can have multiple controllable param-
eters that influence the polishing rate on of substrate. Each
parameter controls the operation of an associated hardware
component of the polishing system, and the parameter can be
set by software, e.g., in a control system. Examples of con-
trollable parameters include pressure in chambers in a carrier
head (including pressure in chambers that apply downward
pressure to the substrate or to a retaining ring), carrier head
rotation rate, and platen rotation rate.

FIG. 1 illustrates an example of a polishing apparatus 100.
The polishing apparatus 100 includes a rotatable disk-shaped
platen 120 on which a polishing pad 110 is situated. The
platen is operable to rotate about an axis 125. For example, a
motor 121 can turn a drive shaft 124 to rotate the platen 120.
The polishing pad 110 can be detachably secured to the platen
120, for example, by a layer of adhesive. The polishing pad
110 can be a two-layer polishing pad with an outer polishing
layer 112 and a softer backing layer 114.

The polishing apparatus 100 can include a combined
slurry/rinse arm 130. During polishing, the arm 130 is oper-
able to dispense a polishing liquid 132, such as a slurry, onto
the polishing pad 110. While only one slurry/rinse arm 130 is
shown, additional nozzles, such as one or more dedicated
slurry arms per carrier head, can be used. The polishing
apparatus can also include a polishing pad conditioner to
abrade the polishing pad 110 to maintain the polishing pad
110 in a consistent abrasive state.

The polishing apparatus 100 can further include a carrier
heads 140. The carrier head 140 may be operable to hold a
substrate 10 against the polishing pad 110. While only one
carrier head 140 is shown, additional carrier heads can be
used and may be preferable is some implementations. In such
embodiments, each carrier head 140 can be controlled inde-
pendently, with the polishing parameters associated with the
carrier head (e.g., chamber pressure, retaining ring pressure,
and/or carrier head rotation rate), independently set.

Carrier head 140 can include a retaining ring 142 to retain
the substrate 10 below a flexible membrane 144. Carrier head
140 may also include a plurality of independently control-
lable pressurizable chambers defined by the membrane, e.g.,
3 chambers 146a-146¢, which can apply independently con-
trolled amounts of pressure to associated zones 148a-148¢ on
the flexible membrane 144, and thus on the back side of the
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substrate 10 (see FIG. 2). The flexible membrane 144 can be
formed of an elastic material, such as a high strength silicone
rubber. Referring to FIG. 2, the center zone 1484 can be
substantially circular, and the remaining zones 1485-148¢
can be concentric annular zones around the center zone 148a.
Although only three chambers are illustrated in FIGS. 1 and 2
for ease of illustration, there could be two chambers, or four
or more chambers, e.g., five chambers.

Returning to FIG. 1, carrier head 140 is suspended from a
support structure 150, e.g., a carousel, and is connected by a
drive shaft 152 to a carrier head rotation motor 154 so that the
carrier head can rotate about an axis 155. Optionally, carrier
head 140 can oscillate laterally, e.g., on sliders on the carousel
150, or by rotational oscillation of the carousel itself. In
operation, the platen is rotated about its central axis 125, and
the carrier head is rotated about its central axis 155 and
translated laterally across the top surface of the polishing pad.

Again, while only one carrier head 140 is shown, more
carrier heads can be provided to hold additional substrates so
that the surface area of polishing pad 110 may be used effi-
ciently. Thus, the number of carrier head assemblies adapted
to hold substrates for a simultaneous polishing process can be
based, at least in part, on the surface area of the polishing pad
110.

The polishing apparatus also includes an in-situ monitor-
ing system 160, the data from which can be used by a con-
troller 190 to determine whether to adjust a polishing rate or
an adjustment for the polishing rate as discussed below. The
in-situ monitoring system 160 can include an optical moni-
toring system, e.g., a spectrographic monitoring system, or an
eddy current monitoring system.

In one embodiment, the monitoring system 160 is an opti-
cal monitoring system. An optical access through the polish-
ing pad is provided by including an aperture (i.e., a hole that
runs through the pad) or a solid window 118. The solid win-
dow 118 can be secured to the polishing pad 110, e.g., as a
plug that fills an aperture in the polishing pad, e.g., is molded
to or adhesively secured to the polishing pad, although in
some implementations the solid window can be supported on
the platen 120 and project into an aperture in the polishing
pad.

The optical monitoring system 160 can include a light
source 162, a light detector 164, and circuitry 166 for sending
and receiving signals between a remote controller 190, e.g., a
computer, and the light source 162 and light detector 164.
One or more optical fibers can be used to transmit the light
from the light source 162 to the optical access in the polishing
pad, and to transmit light reflected from the substrate 10 to the
detector 164. For example, a bifurcated optical fiber 170 can
be used to transmit the light from the light source 162 to the
substrate 10 and back to the detector 164. The bifurcated
optical fiber an include a trunk 172 positioned in proximity to
the optical access, and two branches 174 and 176 connected
to the light source 162 and detector 164, respectively.

In some implementations, the top surface of the platen can
include a recess 128 into which is fit an optical head 168 that
holds one end of the trunk 172 of the bifurcated fiber. The
optical head 168 can include a mechanism to adjust the ver-
tical distance between the top of the trunk 172 and the solid
window 118.

The output of the circuitry 166 can be a digital electronic
signal that passes through a rotary coupler 129, e.g., a slip
ring, in the drive shaft 124 to the controller 190 for the optical
monitoring system. Similarly, the light source can be turned
onor offin response to control commands in digital electronic
signals that pass from the controller 190 through the rotary
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coupler 129 to the optical monitoring system 160. Alterna-
tively, the circuitry 166 could communicate with the control-
ler 190 by a wireless signal.

The light source 162 can be operable to emit white light. In
one implementation, the white light emitted includes light
having wavelengths of 200-800 nanometers. A suitable light
source is a xenon lamp or a xenon mercury lamp.

The light detector 164 can be a spectrometer. A spectrom-
eter is an optical instrument for measuring intensity of light
over a portion of the electromagnetic spectrum. A suitable
spectrometer is a grating spectrometer. Typical output for a
spectrometer is the intensity of the light as a function of
wavelength (or frequency).

As noted above, the light source 162 and light detector 164
can be connected to a computing device, e.g., the controller
190, operable to control their operation and receive their
signals. The computing device can include a microprocessor
situated near the polishing apparatus, e.g., a programmable
computer. With respect to control, the computing device can,
for example, synchronize activation of the light source with
the rotation of the platen 120. The controller 190 can also
generate a target pressure profile based on the data from the
optical monitoring system 160, store the target pressure pro-
file, and calculate a set of pressures for the chambers in the
carrier head to achieve the target pressure profile.

In some implementations, the light source 162 and detector
164 of the in-situ monitoring system 160 are installed in and
rotate with the platen 120. In this case, the motion of the
platen will cause the sensor to scan across each substrate. In
particular, as the platen 120 rotates, the controller 190 can
cause the light source 162 to emit a series of flashes starting
just before and ending just after each substrate 10 passes over
the optical access. Alternatively, the computing device can
cause the light source 162 to emit light continuously starting
just before and ending just after each substrate 10 passes over
the optical access. In either case, the signal from the detector
can be integrated over a sampling period to generate spectra
measurements at a sampling frequency.

In operation, the controller 190 can receive, for example, a
signal that carries information describing a spectrum of the
light received by the light detector for a particular flash of the
light source or time frame of the detector. Thus, this spectrum
is a spectrum measured in-situ during polishing.

As shown by in FIG. 3, if the detector is installed in the
platen, due to the rotation of the platen (shown by arrow 204),
as the window 108 travels below one carrier head (e.g., the
carrier head holding the first substrate 10a), the optical moni-
toring system making spectra measurements at a sampling
frequency will cause the spectra measurements to be taken at
locations 201 in an arc that traverses the first substrate 10a.
For example, each of points 201a-201% represents a location
of a spectrum measurement by the monitoring system of the
first substrate 10a (the number of points is illustrative; more
or fewer measurements can be taken than illustrated, depend-
ing on the sampling frequency). As shown, over one rotation
of'the platen, spectra are obtained from different radii on the
substrate 10a. That is, some spectra are obtained from loca-
tions closer to the center of the substrate 10a and some are
closer to the edge.

As mentioned above with reference to FIG. 1, pressuriza-
tion of the chambers 146a-146¢ controls the downward pres-
sure of the substrate 10 against the polishing pad 110. In
general, the majority of the pressure applied by a chamber to
an associated zone of the membrane is imparted on a corre-
sponding zone of the front surface of the substrate against the
polishing pad. Some amount of the applied pressure, how-
ever, can “spill over” between zones on the front surface of the
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substrate (see F1G. 4). In addition, the pressure applied by the
chamber within the associated zone may not be completely
uniform. FIG. 4 illustrates several pressure distribution
curves, each of which is an illustrative graph of the pressure
applied at the front surface of the substrate as a function of the
distance from the center of the substrate, assuming that a
particular chamber in the carrier head is pressurized. Refer-
ring to FIG. 4, in this example, as shown by pressure distri-
bution curve 200a, at least some pressure provided by cham-
ber 1464 is applied to both zones 148a and 1485 of substrate
10. Likewise, as shown by pressure distribution curve 2005, at
least some pressure provided by chamber 1465 is applied to
each of zones 148a-148c¢, and as shown by pressure distribu-
tion curve 200c¢, at least some pressure provided by chamber
146¢ is applied to zones 148¢ and 1485. In addition, even
within zone 148a of substrate 10, the pressure applied by
chamber 1464 is not completely uniform.

Without being limited to any particular theory, the pressure
spill over and non-uniformity may be a result of the flexible
nature of membrane 144. That is, under pressure, portions of
membrane 144 may be stretched or forced to expand beyond
the originally defined zones. Further, and again without being
limited to any particular theory, the pressure spill over may be
caused by the thickness of the substrate 10. For example, the
substrate 10 may be sufficiently thick such that pressure
applied to the back surface (i.e., the substrate surface contact-
ing the membrane 144) spreads out radially across the zone
boundaries as it propagates to the front surface (i.e., the sub-
strate surface contacting the polishing pad).

In general, a polishing system is controlled so that the
post-polished substrate has a target surface profile, e.g., a
target thickness across the substrate surface. The target sur-
face profile may be uniform (e.g., planar) or non-uniform
across the substrate surface. The target surface profile can be
set manually by a manufacturer of the polishing system, set
manually by an operator of the polishing system, e.g., an
employee of the semiconductor fab, or could be generated
automatically by computer software based on measurements
of the performance of other tools at the semiconductor fab,
e.g., to compensate for non-uniform deposition or removal by
the other tools.

As noted above, the polishing rate (i.e., the rate at which
material is removed from the substrate 10) can vary according
to several polishing system parameters, e.g., chamber pres-
sure retaining ring pressure, carrier head rotation rate, platen
rotation rate, etc. As such, the combination of such param-
eters can determine the surface profile of the substrate 10 after
polishing.

The controller 190 can be configured to store a target
removal profile. The controller 190 uses the target removal
profile to set the process parameters for the polishing system
20, e.g., the pressures in the chambers 146a-146¢ of the
carrier head 140. The target removal profile represents a
desired amount of material to be removed across the front
surface of the substrate. In some implementations, the target
removal profile can be determined, e.g., by the controller 190
or another computer system which forwards the target
removal profile to the controller 190, based on an initial
surface profile of the substrate 10 (e.g., as measured at a
metrology station prior to polishing or by an in-situ monitor-
ing system). For example, the target removal profile can be
calculated as

TRP=ISP-TSP o)

where TRP is the target removal profile, ISP is the initial
surface profile, and TSP is the target surface profile. Alterna-
tively, if the initial surface profile is unknown, then the initial
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surface profile can be set to a default value. Also, in some
situations, the operator of the polishing system may desire to
remove a target amount from the substrate rather than achieve
atarget profile. In addition, in some situations, the operator of
the polishing system may simply set the target removal pro-
file, e.g., based on a priori principals or previous experience.
In this last case, the user can generate the target removal
profile by user input, e.g., to the controller 190 or to another
computer system which forwards the target removal profile to
the controller 190.

The controller 190 can generate and store an expected
removal profile (that is, the amount of material expected to be
removed across the front surface of substrate 10) for a given
set of values for the process parameters.

In general, it is advantageous to select values for the pro-
cess parameters, e.g., the pressures in the chambers of the
carrier head, so that the expected removal profile closely
approximates (including exactly matches) the target removal
profile. For example, if the expected removal profile closely
approximates the target removal profile, then the actual
removal profile, i.e., the amount actually removed from a
substrate in polishing, should also closely approximate the
target removal profile.

It should be noted that the removal profile described herein
may be expressed as an amount of material removed from the
substrate surface or, equivocally, as a material removal rate
(e.g., by dividing removal profile by an actual or expected
time spent polishing). Further, it should also be understood
that the data used for the calculation could be stored in various
different units, so long the data is converted into consistent
units for the purpose of calculation.

In some implementations, the expected removal profile can
be calculated as a linear function of the polishing parameters,
e.g., the pressures provided by the chambers 146a-146¢. For
example, increasing the pressure in a particular chamber can
resultin a linear increase in the pressure of the substrate on the
polishing pad, and thus a linear increase in the polishing rate,
and thus a linear increase in the amount removed. In particu-
lar, for a plurality of different points on the substrate, e.g.,
points at different radial distances from the center of the
substrate, the removal can be calculated as a linear combina-
tion of the polishing parameters, e.g., the pressures in the
chambers.

A relationship between the polishing parameters and the
removal profile can be determined based on measured data.
For example, removal profiles can be measured for test sub-
strates, which each test substrate being polished using a dif-
ferent set of values for the polishing parameters. In particular,
one substrate can be polished under a set of baseline values
for the polishing parameters, and a baseline removal profile is
measured from the one substrate. Then, for each parameter
that is to be set by the process, an additional substrate is
polished, with that parameter set to an adjusted value that is
different from the baseline value (but the other parameters set
to their baseline values), and an adjusted removal profile is
measured from the additional substrate.

In some implementations, the expected removal profile can
be calculated as

ERP=BRP+[K]/P*BRP ()]

where ERP is the expected removal profile, BRP is a baseline
removal profile, [K] is a matrix of constants having a number
of columns equal to the total number of parameters, N, and a
number of rows equal to the total number M of radial posi-
tions on the substrate surface where the profile is measured,
and [P'] is a vector of adjusted polishing system parameters.
The total number of positions M can be greater than the
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number of chambers in the carrier head, and can be greater
than the total number of controllable parameters N.

The baseline removal profile can be determined by polish-
ing a test wafer at a set of default polishing parameters, PO, ,
PO,, . .. POy, and comparing a measured (e.g., at a metrology
station) surface profile after polishing to the initial surface
profile. For example, the baseline removal profile can be
calculated as

BRP=ISP-BSP 3)

where BRP is the baseline removal profile, ISP is the initial
surface profile, and BSP is the baseline surface profile
achieved as a result of polishing a test substrate at baseline
parameters PO,, PO,, . . . PO,.

The constants of the matrix [K] can be determined based on
the baseline removal profile and the adjusted removal pro-
files. As noted above, the adjusted removal profiles can be
generated by polishing an additional substrate for each
parameter while modifying that parameter, one substrate at a
time. For example, an adjusted removal profile can be calcu-
lated for each modified parameter according to the equation

ARP~ISP-ASP, )

where ARP, is the adjusted removal profile resulting from
adjustment of the i polishing parameter, ISP is the initial
surface profile, and ASP, is the adjusted surface profile mea-
sured as a result of adjusting the i” parameter. In particular,
the constant values of the matrix [K] can be calculated as

ARP,; — BRP,

) BRP, [PA" _PO"]
x* m‘

®

X0

where K_, is the value of the matrix [K] corresponding to the
substrate profile position x for the i* parameter, ARP, ;is the
amount of material removed at radial position x for the i?
adjusted parameter, BRP, is the amount of material removed
at radial position x according to the previously calculated
baseline removal profile, PA, is the i parameter value used to
generate the i adjusted removal profile, and PO, is the i”*
parameter value for the baseline removal profile. As such, the
matrix [K] can be expressed as

©

where M is the total number of radial substrate positions x at
which profile measurements are taken and N is the total
number of parameters. The variable expressions of the vector
[P, P,", P, ... P, are defined by

o

P =
=,

where P, is the value of the vector [P'] corresponding to the i
parameter, PO, is the i” parameter value for the baseline
removal profile, and P, is the variable proposed parameter
value. Thus, the expected removal profile can be expressed as
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K11 Ky [P )
ERP=BRP+| : : |«BRP
Kuyi . Munl|Py

where ERP is the expected removal profile, BRP is the base-
line removal profile, and values for the matrix [K] and the
vector [P'] are calculated as described above with reference to
equations (5) and (7).

In some implementations, the various profiles generated
from experimental measurement, e.g., the base removal pro-
file and the adjusted removal profile, includes measured
removal values for a plurality of positions under each zone,
e.g., a plurality of positions under each chamber. Similarly,
the calculated expected removal includes calculated values
for the expected removal at plurality of positions under each
zone, e.g., a plurality of positions under each chamber. In
some implementations, the profiles, e.g., the base removal
profile, the adjusted removal profile and expected removal
profile, includes values for twenty to three hundred positions
on the substrate. For example, the profiles can include values
for positions on the substrate at a regular spacing of 1 mm.

In some implementations, a suitable combination of
parameters can be determined by solving for respective
parameters that minimize a difference between the expected
removal profile and the target removal profile. That is, the
value of ERP-TRP is minimized. In many cases, one or more
distinct sets of parameters can be determined mathematically
that provide an expected removal profile equaling the target
removal profile, such that ERP-TRP=0. In other cases a dif-
ference value between the expected removal profile and the
target removal profile can be minimized to an acceptable,
non-zero value by using the following equation

A=2,_M(ERP,~TRP,)? ©)

where A is a difference value, ERP, is the variable value of the
expected removal profile at a radial position x on the substrate
and TRP,_ is the constant value of the target removal profile at
the radial position x. Values of P, can be calculated to find an
expected removal profile that closely approximates the target
removal profile.

In some examples, an iterative process (e.g., Newton’s
method of optimization) may be used in conjunction with
equation (9) to determine an appropriate combination of
parameter values to find a minimum difference between the
estimated pressure profile and the target pressure profile, e.g.,
to find a minimum value for A. For example, a commercially
available solver function (e.g., the Microsoft Excel solver
function, the MATLAB solver function, and/or the Wolfram
Mathematica solver function, etc.) may be used to determine
an appropriate combination of parameter values. In some
cases, there may be several suitable combinations of param-
eter values.

Once an appropriate set of parameter values has been deter-
mined, as described above, the controller 190 can be config-
ured to store the parameter values and execute a polishing
technique accordingly to provide one or more substrates hav-
ing the target surface profile.

In most cases, when all other parameter values are to be
held constant, the polishing rate at a particular location on the
substrate 10 can vary linearly with the pressure applied to the
substrate, at that location of the substrate, on the polishing
pad.

In another implementation, the controller 190 can be con-
figured to store a target pressure profile. The controller 190
uses the target pressure profile to set the pressures in the
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chambers 146a-146¢ of the carrier head 140. The target pres-
sure profile represents a desired pressure to be applied by the
front surface of the substrate on the polishing pad. In some
implementations, the target pressure profile can be consid-
ered the pressure distribution that should produce the polish-
ing rates necessary to achieve the target surface profile. In
some implementations, the target pressure profile can be
determined, e.g., by the controller 190 or another computer
system which forwards the target pressure profile to the con-
troller 190, based on the initial surface profile of the substrate
10 (e.g., as measured at a metrology station prior to polishing
or by an in-situ monitoring system) and the known linear
relationship between polishing rate and polishing pressure.
That is, the target pressure profile can be calculated as

TPP=m*(ISP-TSP) 10)

where TPP is the target pressure profile, ISP is the initial
surface profile, TSP is the target surface profile, and m is an
empirically determined constant. Alternatively, if the initial
surface profile is unknown, then the initial surface profile can
be set to a default value. Also, in some situations, the operator
of'the polishing system may desire to remove a target amount
from the substrate rather than achieve a target profile. In this
case, the target pressure profile is simply a linear function of
the target amount to remove. In addition, in some situations,
the operator of the polishing system may simply set the target
polishing profile, e.g., based on a priori principals or previous
experience. In this last case, the user can generate the target
pressure profile by user input, e.g., to the controller 190 or to
another computer system which forwards the target pressure
profile to the controller 190.

The controller 190 can generate and store an expected
pressure profile (that is, the pressure distribution across the
front surface of substrate 10 on the polishing pad that is
expected when chambers 146a-146¢ are pressurized). In
some implementations, the target pressure profile can be
approximated by a pressure profile expected to be applied by
the chambers 146a-146¢. Generally, it is advantageous to
closely approximate the target pressure profile with the
expected pressure profile. For example, closely approximat-
ing the target pressure profile with the expected pressure
profile may result in an actual front surface profile of the
substrate 10 that is a close approximation of the target surface
profile after polishing.

In some implementations, the expected pressure applied by
the substrate to the polishing pad can be calculated as a linear
function of the pressure provided by the chambers 146a-
146¢. For example, increasing the pressure in a particular
chamber can result in a linear increase in the pressure of the
substrate on the polishing pad, and thus a linear increase in the
polishing rate. In particular, for a plurality of different points
on the substrate, e.g., points at different radial distances from
the center of the substrate, the expected pressure can be cal-
culated as a linear combination of the pressures in the cham-
bers. For example, the estimated pressures can be calculated
as

EP,=%,_ V4, *P; (12)

where EP_ is the estimated pressure applied at a location x, P,
is the pressure in the i chamber out of N chambers in the
carrier head, and A, _ is a constant. As noted above, the loca-
tion x can be a radial distance from the center of the substrate.

A relationship between the chamber pressures and the
applied pressure, e.g., the values of the constants A, , can be
determined based on measured data. In some examples, a
pressure sensor (e.g., a substantially planar sheet having an
embedded one-dimensional or two-dimensional array of
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pressure sensors) can be inserted between the front surface of
the substrate 10 and a rigid support or a polishing pad 110. At
least one of the chambers 146a-146c¢ is pressurized at a base-
line pressure (e.g., between about 0-20 psi). Measurements
provided by the measuring tool may reflect the downward
pressure imparted on the substrate 10 at one or more positions
(e.g., between about 1 and 100 positions) across its front
surface, when the baseline chamber pressure is applied. In
some implementations, measurements are recorded at posi-
tions regularly or irregularly spaced at radial distances from
the center of the substrate 10. There will be more measure-
ments than independently controllable chambers. In some
implementations, the measurements are recorded at positions
below specific chambers. For example, a first set of multiple
measurements may be recorded below chamber 1464 and a
second set of multiple measurements may be recorded below
chamber 1465.

In some implementations, chambers 146a-146¢ are pres-
surized one at a time to the baseline pressure while the other
chambers are not pressurized. At this time measurements are
recorded across the front surface of the substrate 10 (in some
examples, the chambers are pressurized one at a time to
different baseline pressures). The recorded pressure distribu-
tions based on each chamber may then be combined to pro-
vide an aggregate pressure distribution reflecting the pressure
spill over across zones of the front substrate surface (see FIG.
4). In some implementations, the values of each constant A, _,
can be calculated simply by dividing the measured downward
pressure at the particular point (from the pressure distribution
profile) by the baseline pressure that was applied to the cham-
ber for the measurement.

In some examples, multiple pressure distributions for each
chamber (recorded as described above) under various respec-
tive chamber pressures can be measured. Collectively, the
multiple pressure distributions can be used in calculation of
the estimated pressure profile. It may be advantageous to
record multiple pressure distributions at various respective
chamber pressures for each chamber in order to increase the
approximation accuracy. FIG. 5 illustrates the pressure dis-
tributions measured across the front face of a substrate at
varying chamber pressures. As shown, pressure distributions
were measured under a baseline chamber pressure, as well as
chamber pressures 20% above and below than the baseline.

When multiple pressure distributions for each chamber are
provided, the estimated pressures can be calculated as

EP,=%_ N4, *P+B;, (13)

where EP, where is the estimated pressure applied at a loca-
tion x, P, is the pressure in the i” chamber out of N chambers
inthe carrier head, and A,  is and B, , are constants. Again, the
location x can be a radial distance from the center of the
substrate.

In some implementations, the values of constants A, | and
B, can be calculated by solving the following system of
equations for each chamber i

MP; . =4, %P, +B,; . (14)

MP;  >=4, *P,»+B,; . (15)

where MP,  , and MP, , are the measured pressures at a radial
location x on the substrate when the chamber i is pressurized
ata first chamber pressure P, and second chamber pressure P,
respectively.

In some implementations, one or more pressure distribu-
tions for each chamber are measured while the other cham-
bers are also pressurized. For example, FIG. 6 shows a col-
lection of pressure distributions where chamber 1465 is
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pressurized 20% above and below a baseline chamber pres-
sure at which chambers 146a and 146¢ are pressurized.
Although FIG. 6 illustrates a uniform pressure, e.g., from
each chamber at the same pressure, the various chambers
need not be at the same pressure (although the chambers
should be pressurized), and the resulting pressure at the front
surface of the need not be uniform. Without being limited by
any particular theory, the degree to which the membrane
material defining a respective chambers will expand or bulge
(and thus the effect on pressure distribution) can depend on
the pressure in the adjacent chamber. Thus, pressure distribu-
tions measured in this way can more accurately reflect the
variations in pressure at the front surface of the substrate due
to changes in chamber pressure, since in operation the cham-
bers are typically at least partially pressurized.

For a given chamber, pressure distributions can be mea-
sured at one, two, or more than two chamber pressures (with
more than two chamber pressures, the estimated pressure
could be treated as a set of individual line segments, or a
single linear function could be fit to the data). The number of
chamber pressures at which pressure distributions are mea-
sured for a given chamber can be governed by a balance
between available computing resources, accuracy require-
ments, and time for data collection.

In some implementations, one or more equations describ-
ing the expected pressure profile in terms of the variable
individual pressure distributions for each chamber may be
optimized by an iterative process (e.g., Newton’s method of
optimization) to closely approximate a target pressure profile.
The first step of the iterative process may be to compare the
pressure distribution profile measured at the baseline cham-
ber pressure(s) to the target pressure profile. Then, based on
the comparison, at least one variable of the equation (e.g., a
pressure distribution based on one of the chambers) may be
adjusted and an expected pressure profile may be calculated
based on the adjusted variable. The expected pressure profile
may then be compared to the target pressure profile, and
another adjustment can be performed. The iterative adjust-
ments and comparisons may continue until an expected pres-
sure profile closely approximating the target pressure profile
is determined (that is, until a threshold in the comparison
value is reached).

In some examples the target pressure profile (TPP) can be
described in terms of a plurality of target pressures at respec-
tive radial locations on the substrate surface. Similarly, the
estimated pressure profile (EPP) can be described in terms of
aplurality of expected pressures at respective radial locations
on the substrate surface (i.e., EP,—see equations (12) and
(13) above). As shown above, the expected pressure at any
location can be calculated as a function of chamber pressures.
Thus, a combination of chamber pressures for providing a
suitable approximation of the target pressure profile can be
determined by solving for respective chamber pressures that
minimize a difference between the estimated pressure profile
and the target pressure profile. That is, the value of EPP-TPP
is minimized.

For example, a difference value between the estimated
pressure profile and the target pressure profile, e.g., using sum
of squares or absolute values, and the values of the chamber
pressures can be calculated to minimize this difference. For
example, this can be performed by using one of the following
equations

A2 M2 4y P B, - TR 16)

A% M2, P TR, ) an
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where A is the difference value, TP, is the target pressure to be
applied at the x” radial location out of M radial locations on
the substrate, P, is a pressure in the i chamber out of N
chambers in the carrier head, and A, , and B, , are constants
determined based on previously measured data. Values of P,
can be calculated find a minimum for A.

In some examples, an iterative process (e.g., Newton’s
method of optimization) may be used in conjunction with
either of equations (16) or (17) to determine an appropriate
combination of chamber pressures to find a minimum difter-
ence between the estimated pressure profile and the target
pressure profile, e.g., to find a minimum value for A. For
example, a commercially available solver function may be
used to determine an appropriate combination of chamber
pressures. In some cases, there may be several suitable com-
binations of chamber pressures.

Once an acceptable expected pressure profile is deter-
mined, interpolation and/or extrapolation techniques (other
known mathematical approximation techniques may also be
used) can be applied to the measured baseline pressure dis-
tributions to determine a corresponding chamber pressure for
each chamber. When using pressure distributions from a
single baseline pressure it may be necessary to assume a zero
scale pressure distribution (i.e., when the chambers are not
pressurized, there is little or no polishing pressure applied).

Referring to FIGS. 7 and 8, example flow charts are illus-
trated. In some cases, the process steps shown in FIG. 7 may
be performed by one or more employees of a manufacturer of
the polishing apparatus 100. For example, one or more pres-
sure distributions for each chamber may be measured and
recorded by the manufacturer (step 702), as described above.
The pressure distributions can be used to calculate (or other-
wise determine) the relationships between chamber pressure
and the downward pressure of the substrate on the polishing
pad (step 704), as described above, e.g., by calculating con-
stants A, and B, .. This information may be provided to a
semiconductor fab by the manufacturer of the polishing appa-
ratus 100.

In some cases, the process steps shown in FIG. 8 may be
performed by one or more employees of a semiconductor fab.
For example, an appropriate target surface profile for a sub-
strate may be determined (step 802) by the semiconductor fab
as part of a planarization technique for forming an integrated
circuit. The initial surface profile of the substrate may be
measured (step 804). For example, the surface profile of the
substrate can be measured at a metrology station prior to
polishing, or can be measured during polishing by an in-situ
monitoring system. The relationship between polishing rate
and downward pressure of the substrate on the polishing pad
can be determined (step 806). In some cases, this information
can be obtained from data provided by a supplier of the
polishing apparatus or polishing pad. In some other cases, this
relationship can be empirically determined by the semicon-
ductor fab, e.g., by experimentally determining the constant
m (see equation (10)). In some implementations, the target
pressure profile can be determined (step 808) based on the
initial surface profile, the target surface profile, and the rela-
tionship between polishing rate and pressure, as described
above. A suitable combination of chamber pressures to
achieve the target pressure profile, and thus the target surface
profile, may then be determined (step 810) based on the
known relationships between chamber pressure and the
downward pressure on the substrate against the polishing pad
across the substrate surface, as described above.

As used in the instant specification, the term substrate can
include, for example, a product substrate (e.g., which
includes multiple memory or processor dies), a test substrate,
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a bare substrate, and a gating substrate. The substrate can be
at various stages of integrated circuit fabrication, e.g., the
substrate can be a bare wafer, or it can include one or more
deposited and/or patterned layers. The term substrate can
include circular disks and rectangular sheets.

Embodiments of the invention and all of the functional
operations described in this specification can be implemented
in digital electronic circuitry, or in computer software, firm-
ware, or hardware, including the structural means disclosed
in this specification and structural equivalents thereof, or in
combinations of them. Embodiments of the invention can be
implemented as one or more computer program products, i.e.,
one or more computer programs tangibly embodied in an
information carrier, e.g., in a machine-readable non-transi-
tory storage device or in a propagated signal, for execution by,
or to control the operation of, data processing apparatus, e.g.,
a programmable processor, a computer, or multiple proces-
sors or computers. A computer program (also known as a
program, software, software application, or code) can be writ-
ten in any form of programming language, including com-
piled or interpreted languages, and it can be deployed in any
form, including as a stand-alone program or as a module,
component, subroutine, or other unit suitable for use in a
computing environment. A computer program does not nec-
essarily correspond to a file. A program can be stored in a
portion of a file that holds other programs or data, in a single
file dedicated to the program in question, or in multiple coor-
dinated files (e.g., files that store one or more modules, sub-
programs, or portions of code). A computer program can be
deployed to be executed on one computer or on multiple
computers at one site or distributed across multiple sites and
interconnected by a communication network.

The processes and logic flows described in this specifica-
tion can be performed by one or more programmable proces-
sors executing one or more computer programs to perform
functions by operating on input data and generating output.
The processes and logic flows can also be performed by, and
apparatus can also be implemented as, special purpose logic
circuitry, e.g.,an FPGA (field programmable gate array) or an
ASIC (application-specific integrated circuit).

The above described polishing apparatus and methods can
be applied in a variety of polishing systems. Either the pol-
ishing pad, or the carrier head, or both can move to provide
relative motion between the polishing surface and the sub-
strate. For example, the platen may orbit rather than rotate.
The polishing pad can be a circular (or some other shape) pad
secured to the platen. Some aspects of the endpoint detection
system may be applicable to linear polishing systems, e.g.,
where the polishing pad is a continuous or a reel-to-reel belt
that moves linearly. The polishing layer can be a standard (for
example, polyurethane with or without fillers) polishing
material, a soft material, or a fixed-abrasive material. Terms
of relative positioning are used; it should be understood that
the polishing surface and substrate can be held in a vertical
orientation or some other orientation during operation.

Particular embodiments of the invention have been
described. Other embodiments are within the scope of the
following claims. For example, the actions recited in the
claims can be performed in a different order and still achieve
desirable results.

What is claimed is:

1. A computer program product for selecting values for a
plurality of independently controllable chamber pressures of
a carrier head in a chemical mechanical polishing system, the
carrier head including a plurality of controllable chambers to
apply the independently controllable chamber pressures to a
plurality of corresponding zones on a substrate, the computer
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program product tangibly encoded on a non-transitory stor-
age device, operable to cause a processor to perform opera-
tions comprising:
for each chamber of the plurality of controllable chambers,
store data relating variation in removal profile on a front
surface of the substrate to variation of the controllable
chamber pressure of the chamber, the data including
removal at a plurality of positions on the front surface of
the substrate, there being a greater number of positions
than chambers, the plurality of positions including posi-
tions inside a zone corresponding to the chamber and
positions outside the zone corresponding to the cham-
ber;
determine a value of a chamber pressure for each chamber
of the plurality of controllable chambers to minimize a
difference between a target removal profile and an
expected removal profile calculated from the data relat-
ing variation in removal profile on the front surface of
the substrate to variation in the chamber pressure for
each chamber such that the expected removal rate for at
least some positions within a respective zone from the
plurality of zones includes an effect of the chamber
pressure for the chamber corresponding to the respective
zone and an effect of the chamber pressure for achamber
that does not correspond to the respective zone; and

store the value for each chamber pressure of the plurality of
controllable chamber pressures.

2. The computer program product of claim 1, wherein the
positions are regularly spaced across the substrate.

3. The computer program product of claim 2, wherein the
plurality of zones are arranged concentrically and the plural-
ity of positions are radial distances from the center of the
substrate.

4. The computer program product of claim 1, wherein
instructions to store data comprise instructions to store a
plurality of measured removal profiles, each measured
removal profile including an amount removed from a front
surface of a substrate at each of a plurality of positions on the
substrate.

5. The computer program product of claim 4, wherein the
plurality of removal profiles includes a baseline removal pro-
file for one substrate polished under a set of baseline values
for the plurality of controllable chamber pressures.

6. The computer program product of claim 5, wherein the
plurality of removal profiles includes a plurality of adjusted
removal profiles for additional substrates, each additional
substrate is polished with exactly one of the plurality of
controllable chambers set to an adjusted value for the cham-
ber pressure that is different from the baseline value for the
one substrate.

7. The computer program product of claim 1, comprising
instructions to cause the processor to generate the target
removal profile from data collected in-situ during polishing of
a first substrate, and to cause a pressure in a chamber to be
adjusted during the polishing of the first substrate to match the
value for the chamber pressure for the chamber.

8. The computer program product of claim 1, wherein
instructions to determine a value for each chamber pressure
comprise instructions to iteratively adjust at least one value,
calculate the expected removal profile from the data, and
determine a difference between an expected pressure profile
and a target pressure profile.

9. The computer program product of claim 1, comprising
instructions to cause the processor to generating the target
removal profile from data collected in-situ during polishing of
a first substrate at a first platen, and to cause the first substrate
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to be polished at a different second platen using the chamber
pressure for the chamber set to the value.

10. The computer program product of claim 1, further
comprising instructions to cause the processor to generate the
target removal profile from data collected in-situ during pol-
ishing of a first substrate at a first platen, and to cause a
different second substrate to be polished at the first platen
using the chamber pressure for the chamber set to the value.

11. A computer program product for selecting values for a
plurality of independently controllable chamber pressures of
a carrier head in a chemical mechanical polishing system, the
carrier head including a plurality of controllable chambers to
apply the independently controllable chamber pressures to a
plurality of corresponding zones on a substrate, the computer
program product tangibly encoded on a non-transitory stor-
age device, operable to cause a processor to perform opera-
tions comprising:

for each chamber of the plurality of controllable chambers,

store data relating pressure distribution on a front sur-
face of the substrate to a chamber pressure of the cham-
ber, the data including pressure at a plurality of positions
on the front surface of the substrate, there being a greater
number of positions than chambers, the plurality of posi-
tions including positions inside a zone corresponding to
the chamber and positions outside the zone correspond-
ing to the chamber;

determine a value of a chamber pressure for each chamber

of the plurality of controllable chambers to minimize a
difference between a target pressure profile and an
expected pressure profile calculated from the data relat-
ing pressure distribution on the front surface of the sub-
strate to the chamber pressure such that the expected
pressure profile for at least some positions within a
respective zone from the plurality of zones includes an
effect of the chamber pressure for the chamber corre-
sponding to the respective zone and an effect of the
chamber pressure for a chamber that does not corre-
spond to the respective zone; and

store the value for each chamber pressure of the plurality of

controllable chamber pressures.

12. The computer program product of claim 11, wherein
the positions are regularly spaced across the substrate.

13. The computer program product of claim 12, wherein
the plurality of zones are arranged concentrically and the
plurality of positions are radial distances from the center of
the substrate.

14. The computer program product of claim 11, wherein
instructions to store data comprise instructions to store a
plurality of pressure distribution profiles, each pressure dis-
tribution profile including pressure applied to a front surface
of the substrate at each of a plurality of positions on the
substrate.

15. The computer program product of claim 14, wherein
the plurality of pressure distribution profiles includes, for
each chamber, a first pressure distribution profile and a sec-
ond pressure distribution profile, the first pressure distribu-
tion profile providing an applied pressure for each of the
plurality of positions when the chamber is at a first chamber
pressure, the second pressure distribution profile providing an
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the chamber is at a different second chamber pressure.
16. The computer program product of claim 11, wherein
instructions to determine the value for the chamber pressure
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for each chamber comprise instructions to iteratively adjust at
least one value, calculate the expected pressure profile from
the data relating pressure distribution to chamber pressure in
each chamber, and determine a difference between the expect
pressure profile and the target pressure profile.

17. The computer program product of claim 11, compris-
ing instructions to generate the target pressure profile from
data collected in-situ during polishing of a first substrate, and
to cause at least one pressure applied during the polishing of
the first substrate to be adjusted to match the value for the
chamber pressure.

18. The computer program product of claim 11, further
comprising instructions to generate the target pressure profile
from data collected in-situ during polishing of a first substrate
at a first platen, and to cause the first substrate to be polished
at a different second platen using the chamber pressure.

19. The computer program product of claim 11, further
comprising instructions to generate the target pressure profile
from data collected in-situ during polishing of a first substrate
at a first platen, and to cause a different second substrate to be
polished at the first platen using the chamber pressure.

20. A computer program product for selecting values for a
plurality of controllable parameters of a chemical mechanical
polishing system that includes a carrier head with a plurality
of zones to apply independently controllable pressures on a
substrate, the computer program product tangibly encoded on
anon-transitory storage device, operable to cause a processor
to perform operations comprising:

storing data relating variation in removal profile on a front

surface of the substrate to variation in the controllable
parameters, the data including removal at a plurality of
positions on the front surface of the substrate, there
being a greater number of positions than chambers;
wherein the storing data further comprises storing a
plurality of removal profiles, each removal profile
including an amount removed from a front surface of a
substrate at each of a plurality of positions on the sub-
strate, and wherein the plurality of removal profiles
includes a baseline removal profile for one substrate
polished under a set of baseline values for the plurality of
controllable parameters;

determining a value for each parameter of the plurality of

controllable parameters to minimize a difference
between a target removal profile and an expected
removal profile calculated from the data relating varia-
tion in removal profile on a front surface of the substrate
to variation in the controllable parameters; and

storing the value for each parameter of the plurality of

controllable parameters;

wherein calculating the expected removal profile com-

prises calculating

ERP=BRP+[K]/P'|*BRP

where ERP is the expected removal profile, BRP is the
baseline removal profile, [K] is a matrix of constants
having a number of columns equal to the total number of
parameters, N, and a number of rows equal to the total
number of radial positions on the substrate surface
where the profile is measured, M, and [P'] is a column
matrix of adjusted polishing system parameters.

21. The computer program product of claim 20, wherein

there are a greater number of positions than parameters.

#* #* #* #* #*
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